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Abstract: The factors contributing to the accuracy of quantum-
chemical calculations of proton NMR chemical shifts in molecular 
solids are systematically investigated. Proton chemical shifts of six 
solid amino acids with hydrogen atoms in various bonding 
environments (CH, CH2, CH3, OH, SH and NH3) were determined 
experimentally using ultra-fast magic-angle spinning and proton-
detected 2D NMR experiments. The standard DFT method 
commonly used for the calculations of NMR parameters of solids is 
shown to provide chemical shifts that deviate from experiment by up 
to 1.5 ppm. The effects of the computational level (hybrid DFT 
functional, coupled-cluster calculation, inclusion of relativistic spin-
orbit coupling) are thoroughly discussed. The effect of molecular 
dynamics and nuclear quantum effects are investigated using path-
integral molecular dynamics (PIMD) simulations. It is demonstrated 
that the accuracy of the calculated proton chemical shifts is 
significantly better when these effects are included in the 
calculations. 
Introduction 
The number of crystal structures published annually 
demonstrates the importance of the knowledge of the structure 
of solids with atomic resolution in many areas of science. The 
most widely used techniques for determining crystal structures 
with atomic resolution are diffraction methods. In particular, 
single crystal X-ray diffraction (XRD) has been called the “gold 
standard” for solid-state structure determination.[1] Unfortunately, 
many samples do not provide single crystals of sufficient size 
and quality for X-ray diffraction. 
  Solid-state NMR (SS-NMR) spectroscopy is also a powerful 
and versatile tool for studying the structure and dynamics of 
solids. SS-NMR experiments do not require long-range order in 
the studied material and therefore are particularly suitable for 
powder and amorphous samples. However, complete crystal 
structures cannot be extracted from experimental NMR data 
straightforwardly. Therefore, NMR crystallography[2] approaches 
often compare experimental data with those calculated for a 
structural model. Most often, density functional theory (DFT) 
methods are used for the NMR calculations, in particular, the 
gauge-including projector-augmented wave (GIPAW) procedure 
was developed for the computations of NMR parameters of fully 
periodic solids.[3] NMR crystallography in combination with 
crystal-structure-prediction methods has performed successfully 
several de novo crystal structure determinations.[4] However, 
NMR crystallography is not limited to ordered crystals; it can 
provide structural information about disordered or amorphous 
solids as well.[5] For example, NMR crystallography has been 
used for investigations of biomolecules adsorbed on surfaces.[6] 
  It was stressed in many NMR crystallography studies of 
molecular crystals of organic and pharmaceutically important 
molecules that chemical shifts of hydrogen atoms are more 
sensitive to crystal packing than more readily measured carbon 
chemical shifts.[4a, 4b, 7] Therefore, accurate prediction of 
hydrogen chemical shifts is essential. 
  However, quantum chemical calculations of hydrogen chemical 
shifts may be complicated by nuclear quantum effects (NQEs). 
Hydrogen atoms possess the lightest nuclei and NQEs, such as 
nuclear delocalisation or tunnelling may influence properties of 
hydrogens significantly. Nevertheless, NQEs are normally not 
included in standard quantum chemical calculations. An elegant 
and easy way to including NQEs in quantum-chemical 
simulations is based on the path integral[8] (PI) formalism; the PI 
equations of motion can be readily coupled with the usual 
procedures used for molecular dynamics (MD) simulations. We 
have been developing a methodology for including NQEs in 
NMR calculations and we demonstrated that including NQEs 
systematically improves the agreement between calculated and 
experimental carbon and nitrogen chemical shifts.[9] However, 
the influence of NQEs on hydrogen chemical shifts of solid 
materials has not been systematically studied. 
  The computational level used together with the GIPAW method 
is currently limited to the general-gradient-approximation (GGA) 
family of DFT functionals, because periodic plane waves are 
used as the basis sets, and hybrid density functionals are 
prohibitively computationally expensive for plane-wave 
calculations. However, it has been shown in several studies 
using computations on molecular clusters or fragments of infinite 
crystals that the use of hybrid density functional or high-level ab 
initio methods, such as coupled cluster singles and doubles 
(CCSD), often provides more accurate predictions of NMR 
parameters of solids.[10] We have recently demonstrated that a 
simple correction to the GIPAW-GGA result calculated on an 
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Figure 1. The studied structures. 
improves the correlations between experimental and 
calculated carbon, nitrogen and oxygen chemical shifts.[10f] 
Here, we study proton chemical shifts of six solid amino 
acids (depicted in Figure 1). The selected amino acids have 
hydrogen atoms in various bonding environments (CH, CH2, 
CH3, OH, SH and NH3). Experimental high-resolution 
chemical shifts were newly determined using ultra-fast magic 
angle spinning (MAS) NMR, and the experimental shifts 
compared with those calculated at the DFT and coupled-
cluster level. The effect of NQEs is investigated using PIMD 
simulations. The influence of relativistic effects (spin-orbit 
coupling) on the proton chemical shifts is also discussed. 
Results and Discussion 
Experiments 
  Experimental 1H and 13C SS-NMR spectra are shown in the 
SI together with the proton-detected 2D correlation spectra 
used for the assignment of the signals. The experimental 
proton chemical shifts are summarised in Table 1. 
  In the proton spectrum of L-threonine, the signals of NH3 
protons and of the OH proton are overlapped. To obtain 
accurate chemical shifts of these two groups, we measured a 
proton spectrum with a heteronuclear 14N D-HMQC-filter 
described in refs.[11] where only signals of protons in proximity 
to a nitrogen atom appear. This spectrum provided the 
chemical shift of the amino protons and a difference between 
the standard 1H spectrum and this 14N filtered spectrum 
provided the chemical shift of the OH group (see details in the 
SI). 
  In the proton spectrum of L-serine, there is an unresolved 
signal of four hydrogens at 3–5 ppm (H-α, H-β and OH). The 
chemical shift of the OH proton was obtained from a spectrum 
of partially deuterated L-serine, where all CH hydrogen atoms 
were labelled with deuterium. The chemical shifts of H-α and 
H-β were obtained from a 2D CP-INEPT spectrum of fully 13C 
and 2H-labelled L-serine with the degree of deuteration of ca 
97%, which leaves highly diluted 13C-1H spin pairs (Figure 
S12). 
Computations of proton shieldings 
  Single-point GIPAW calculation of nuclear shieldings for 
geometry-optimised structures is a standard procedure in 
most NMR crystallography studies, with a linear fit of the 
correlation between the calculated shielding and experimental 
chemical shifts often serving as a measure of the accuracy of 
the calculations. Furthermore, the parameters of the fitted line 
are usually used for the referencing and scaling of the 
chemical shifts, prior to comparison with experiment. The 
calculated proton shieldings are summarised in Table 1 and 
the shielding-shift correlation for all investigated hydrogen 
atoms in this work is shown in Figure 2. The overall 
correlation is very good, although the SH shielding clearly 
does not fit well into the linear correlation; its deviation from 
the fitted line is 1.48 ppm. Three more calculated shieldings 
deviate from the linear correlation by more than 0.4 ppm 
(COOH of L-aspartic acid – deviation 0.41 ppm, H-β of L-
cysteine – deviation 0.54 ppm and OH of L-serine – deviation 
0.66 ppm). 
δExp / ppm


















Figure 2. The correlation between calculated 1H shieldings (single-point 
calculations in CASTEP, geometry optimised structures) and experimental 
chemical shifts (data from Table 1). 
  Disorder of the S–H group has been reported in L-
cysteine;[12] the thiol group can participate either in S–H∙∙∙S or 
in S–H∙∙∙O hydrogen bonds with a slight preference for the S–
H∙∙∙S arrangement at low temperature.[12c] The number of both 
molecular arrangements is approximately equal at ambient 
temperatures (based on analysis of variable-temperature 
polarised Raman spectroscopy).[12b] We performed geometry 
optimisation of both crystal structures with the same fixed cell 
parameters. The structure with the S–H∙∙∙S hydrogen bond 
gave a slightly lower energy (by 0.45 kcal/mol per molecule), 
which corresponds to populations of the two conformers of 
68% and 32%, respectively. Accurate predictions of relative 
energies of crystal structures may require tighter geometry-
optimisation criteria,[13] but the exact value of the weighting is 
not significant here, since both SH calculations show similarly 
large deviations from the linear shielding-shift correlation. The 
SH shielding plotted in Figure 2 was calculated as a weighted 
average of the S–H∙∙∙S and in S–H∙∙∙O shieldings with the 
weighing factor (xS–H∙∙∙S = 0.68) obtained from the 
computations. However, changing the weighing factor to xS–
H∙∙∙S = 1 or xS–H∙∙∙S = 0.5 does not improve the SH shielding with 
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Table 1. Experimental 1H chemical shifts, calculated CASTEP shieldings and calculated shielding corrections (ppm). The uncertainty of the experimental chemical 
shifts was estimated to be ±0.02 ppm. The standard errors of the PIMD corrections estimated as SD/sqrt(Z) are given in parentheses. 
    Corrections[b] 
 Hydrogen δExp σOpt ΔσPBE0 ΔσMP2 ΔσCCSD ΔσSO ΔσPIMD 
L-alanine H-α 3.82 26.71 0.31 0.60 0.76 0.01 –0.65 (0.05) 
 NH3 8.50 21.44 –0.09 –0.10 0.05 0.03 –0.90 (0.07) 
 H-β 1.38 29.35 0.08 0.14 0.29 0.01 –0.76 (0.04) 
α-glycine H-α1 4.23 26.12 –0.08 –0.03 0.15 0.04 –0.81 (0.04) 
 H-α2 3.06 27.46 0.19 0.43 0.55 0.00 –0.75 (0.03) 
 NH3 8.48 21.32 –0.17 –0.19 –0.04 0.03 –0.57 (0.03) 
L-aspartic acid H-α 3.76 27.04 0.25 0.54 0.70 0.00 –0.85 (0.01) 
 NH3 8.32 21.87 –0.06 –0.08 0.07 0.03 –0.87 (0.00) 
 H-β1 3.27 27.19 0.22 0.33 0.59 0.04 –0.86 (0.05) 
 H-β2 2.54 28.15 0.04 0.25 0.34 0.00 –0.76 (0.02) 
 COOH 15.57 13.24 –0.23 –0.22 0.03 0.06 –0.81 (0.08) 
L-threonine H-α 4.02 26.43 0.18 0.41 0.56 0.01 –0.82 (0.04) 
 NH3 8.03 22.27 –0.06 –0.07 0.10 0.03 –0.65 (0.04) 
 H-β 3.78 26.53 0.23 0.36 0.64 0.00 –0.85 (0.03) 
 H-γ 1.39 29.33 0.07 0.13 0.29 –0.01 –0.87 (0.02) 
 OH 7.95 22.13 –0.12 –0.47 –0.20 0.10 –0.46 (0.04) 
L-cysteine[a] H-α 4.28 25.99 0.31 0.58 0.77 0.03 –0.72 (0.04) 
 NH3 8.65 21.24 –0.10 –0.09 0.06 0.02 –0.63 (0.02) 
 H-β1 3.55 27.45 0.23 0.41 0.66 –0.01 –1.03 (0.03) 
 H-β2 2.78 27.68 0.23 0.43 0.72 –0.03 –0.93 (0.01) 
 SH 1.92 27.01 –0.06 0.00 0.27 0.56 0.55 (0.06) 
L-serine H-α 3.64 26.67 0.31 0.59 0.78 0.02 –0.62 (0.01) 
 NH3 8.37 21.82 –0.07 –0.06 0.10 0.03 –0.73 (0.04) 
 H-β1 3.75 26.72 0.33 0.46 0.74 –0.01 –0.80 (0.03) 
 H-β2 4.46 25.75 0.20 0.34 0.61 0.00 –0.78 (0.06) 
 OH 3.79 27.32 0.03 –0.20 0.10 0.08 –0.78 (0.14) 
[a] The S–H∙∙∙S and S–H∙∙∙O forms of L-cysteine were taken to be in 0.68:0.32 ratio. [b] Positive corrections indicate higher shielding, i.e. upfield shift. 
Isolated-molecule corrections 
  It has been shown recently that a simple correction of 
GIPAW shieldings calculated with the hybrid functional PBE0 
on an isolated molecule improves the shielding-shift 
correlations for carbons, nitrogens and oxygens 
significantly.[10f] The corrections to the amino-acid proton 
shieldings calculated with the hybrid PBE0 functional (ΔσPBE0) 
are generally not very large (–0.2 to +0.3 ppm, shown in 
Table 1); they are positive for all CH, CH2 and CH3 hydrogens 
except for one of the alpha hydrogens in glycine (–0.08 ppm), 
and negative for all NH3 protons. The OH and SH corrections 
are both positive and negative depending on the individual 
structure. The PBE0 corrections do not, however, improve the 
shielding-shift correlation; the mean absolute error (MAE), the 
maximal error (MaxE) and the root mean square deviation 
(RMSD) are even slightly worse than those obtained for 
uncorrected GIPAW shieldings (Table 2). 
  The disorder in L-cysteine gives us an opportunity to 
investigate whether the calculated corrections are mostly 
governed by intramolecular effects or by crystal packing. The 
single-molecule corrections calculated for the two conformers 
are generally very similar (Table 3). The largest differences 
are found for the thiol hydrogen, which is probably caused by 
the slightly shorter S–H bond in the minor conformer (1.357 
Å) than in the major conformer (1.365 Å). 
  We also calculated the molecular corrections at the MP2 
and CCSD level (ΔσMP2 and ΔσCCSD). The shielding 
corrections calculated at MP2 level are generally not far from 
the PBE0 corrections; the largest difference can be observed 
for the OH proton in L-threonine, where PBE0 provides a 
correction of –0.12 ppm and MP2 of –0.47 ppm. All calculated 
CCSD corrections (shown in Table 2) are systematically  0.1–
0.3 ppm higher than MP2 corrections. Note that these 
computations are extremely demanding and not affordable for 
larger systems. The CCSD corrections are particularly large 
(0.55–0.78 ppm) for all alpha hydrogens. However, these 
MP2 and CCSD corrections did not improve the correlation 
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We used the 6-311+G(2d,p) basis set for the calculations of 
molecular corrections because excellent results were 
obtained previously with this basis set for carbon chemical 
shifts. Furthermore, it was observed that the basis-set choice 
has relatively small effect on the calculated molecular 
corrections of 13C, 15N and 17O shifts.[10f] In order to check 
whether the choice of the basis set plays an important role in 
the calculations of proton shieldings, we recalculated the MP2 
corrections for glycine, L-alanine and L-serine with aug-
ccPVDZ and aug-ccPVTZ basis sets. The corrections 
calculated with the triple-zeta set was very close to those 
obtained with 6-311+G(2d,p) set (see Table S1 in the SI).   
Table 2. The parameters of the correlation between experimental 1H shifts 
and shieldings calculated for geometry-optimised structures and with the 
isolated-molecule and PIMD corrections. All values apart from the slope 
are in ppm. 
Correction Slope[a] Intercept MAE MaxE[b] RMSD 
– –1.10 30.75 0.22 1.49 (SH) 0.37 
ΔσPBE0 –1.14 31.07 0.22 1.71 (SH) 0.40 
ΔσMP2 –1.16 31.27 0.26 1.76 (SH) 0.42 
ΔσCCSD –1.16 31.47 0.26 1.70 (SH) 0.41 
ΔσSO –1.10 30.85 0.19 1.06 (SH) 0.30 
ΔσPIMD –1.11 30.11 0.18 0.56 (OH) 0.22 
ΔσSO+ ΔσPIMD –1.11 30.17 0.17 0.59 (OH) 0.22 
ΔσPBE0+ ΔσSO+ ΔσPIMD –1.14 30.43 0.17 0.48 (OH) 0.21 
ΔσCCSD+ ΔσSO+ ΔσPIMD –1.17 30.84 0.17 0.41 (H-α) 0.21 
[a] Standard error of the fitted slope is 0.02–0.03 in all cases. [b] The 
hydrogen atom with maximal error in parenthesis – SH in L-cysteine, OH in 
L-serine or H-α in L-alanine. 
Table 3. The calculated proton shieldings and shielding corrections (in 
ppm) for the two conformers of L-cysteine. The uncertainty of the 
experimental chemical shifts was estimated to be ±0.02 ppm. The standard 
errors of the PIMD corrections estimated as SD/sqrt(Z) are given in 
parentheses. 
    Corrections 
 Hydrogen δExp σOpt ΔσPBE0 ΔσCCSD ΔσSO ΔσPIMD 
S–H∙∙∙S H-α 4.28 25.74 0.31 0.77 0.03 –0.76 (0.04) 
 NH3 8.65 21.18 –0.09 0.06 0.02 –0.57 (0.02) 
 H-β1 3.55 27.39 0.20 0.61 –0.01 –0.99 (0.04) 
 H-β2 2.78 27.54 0.24 0.74 -0.03 –0.89 (0.02) 
 SH 1.92 26.74 –0.10 0.21 0.56 0.74 (0.05) 
S–H∙∙∙O H-α 4.28 26.24 0.32 0.78 0.04 –0.64 (0.04) 
 NH3 8.65 21.38 –0.11 0.05 0.03 –0.76 (0.01) 
 H-β1 3.55 27.59 0.28 0.77 –0.02 –1.12 (0.03) 
 H-β2 2.78 27.98 0.20 0.67 –0.02 –1.01 (0.01) 
 SH 1.92 27.58 0.02 0.41 0.57 0.14 (0.10) 
 
   
  In the presence of heavy nuclei, any attempt to achieve a 
reasonable agreement between theory and experiment has to 
consider relativistic effects in the computations.[14] Particularly 
important is the effect named spin-orbit heavy-atom on the 
light-atom (SO-HALA) effect, which affects the most common 
1H, 13C, and 15N nuclei and may shift their signals to 
unexpected chemical-shift ranges.[15] An overview of 
relativistic theoretical methods to calculate the NMR 
parameters of molecules with heavy nuclei can be found in 
recent reviews.[16] It has been shown that relativistic effects 
cannot be neglected even in the third-row species, such as 
chlorine[17]  or sulfur,[18] when aiming at high precision and 
good agreement with the experimental data. For instance, 
even such a light element like sulfur can induce an overall 
SO-HALA shielding of –8 ppm at the bound 13C nuclei.[19] It 
has also been demonstrated that the SO-HALA effect can be 
transmitted through hydrogen bonds.[20] 
  While scalar-relativistic treatment is included in the CASTEP 
shielding calculations at the level of the Koelling-Harmon 
approximation of the Dirac equation,[21] the effect of the SO 
coupling is not included. Therefore, we calculated SO 
corrections (ΔσSO) on isolated molecules similarly as other 
molecular corrections. These SO corrections are very small 
for all CH and NH3 protons (the magnitudes smaller than or 
equal to 0.04 ppm). They are slightly larger for OH protons 
(0.06–0.10 ppm) and very important for SH protons in L-
cytosine (0.56 and 0.57 ppm for S–H∙∙∙S and in S–H∙∙∙O 
structures, respectively). The inclusion of these relativistic 
corrections in the shielding calculations significantly reduces 
the maximal error (Table 2). 
PIMD corrections 
  The influence of NQEs on proton chemical shifts was 
calculated by NMR calculations on snapshots from PIMD 
simulations. An example of the convergence of the calculated 
shieldings of L-alanine with respect to the length of the 
simulation is shown in Figure 3. The fluctuations of the 
averaged shieldings (averaging over the time of the 
simulation and over the chemically equivalent positions) are 
smaller than 0.05 ppm after 6 ps and smaller than 0.01 ppm 
after 8 ps averaging. The standard errors of the calculated 
shieldings for chemically equivalent sites, which are used as 
an estimation of the error of the PIMD correction are smaller 
than 0.1 ppm after the 10 ps simulations (Table 1) in all cases 
except the OH proton in L-serine where it is 0.14 ppm. 
time / ps
















Figure 3. Convergence of the calculated averaged proton chemical shifts 
of L-alanine with respect to the length of the PIMD simulation (plotted as 
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  The PIMD corrections for protons attached to a carbon are 
always negative with magnitudes in the range 0.6–1.0 ppm. 
There is no clear trend for differentiating CH, CH2 and CH3 
hydrogens. However, the investigated series of compounds is 
relatively small (e.g. there is only one CH3 group). Therefore, 
we also re-examined PIMD simulations performed in our 
previous work[9a] and analysed the PIMD corrections of 
methyl-β-D-xylopyranoside, which contains CH, CH2, CH3 and 
OH groups. Also in this compound, the PIMD corrections 
were similar for all types of hydrogens attached to a carbon 
(Table S2). 
  The NH3 corrections are also always negative and their 
magnitudes fall in the same range as those of C–H protons. 
The corrections for the COOH proton of L-aspartic acid and 
the OH proton of L-serine are close to –0.8 ppm and are thus 
similar to the corrections for C–H and N–H protons. The 
magnitude of the correction for the OH proton in L-threonine is 
slightly smaller (0.46 ppm). 
  The most interesting PIMD correction is found for the SH 
proton in L-cysteine, which is the only hydrogen atom in the 
whole investigated series that provides positive PIMD 
correction, and the correction is significantly larger for the S–
H∙∙∙S structure (0.74 ppm) than for the S–H∙∙∙O structure (0.14 
ppm). 
  The agreement with experiment is significantly better when 
the PIMD corrections are included in the shielding 
calculations; the maximal error drops to 0.56 ppm (Table 2). 
However, the best agreement with experiment is obtained 
when PIMD, SO and CCSD corrections are all added to the 
shielding calculations; the RMSD value is 0.21, i.e. ca one 
half of that obtained for GIPAW calculations without any 
correction and the maximal error is 0.41 ppm (for H-α in L-
alanine), i.e. 28 % of the pure-GIPAW value (Table 2, Figure 
S19). Residual deviations from the linear correlations 
obtained with pure GIPAW and GIPAW with PIMD, SO and 
CCSD corrections are shown in Figure 4. 
  A worrying issue is the slope of the shielding-shift correlation, 
which is relatively far from the ideal value of –1 in all cases. A 
possible explanation of this deviation might be a larger error 
of the isolated point of the COOH hydrogen of L-aspartic acid 
(experimental δ: 15.57 ppm). Indeed, when this point is 
omitted from the correlations, the slopes become slightly 
closer to –1 (from –1.06 to –1.16, Table S3); however, the 
deviations are still relatively large. Another possible source of 
error of the slope might be the inaccuracy of the geometry 





Figure 4. Deviations of individual calculated proton chemical shifts from the 
linear correlations with experiment ordered by decreasing values (based on 
the GIPAW calculations). Only deviations larger than 0.3 ppm are assigned 
to the proton positions. Black bars: GIPAW calculations, red bars: GIPAW 
calculations with ΔσCCSD + ΔσSO + ΔσPIMD corrections. The deviations were 
calculated from data presented in Table 1. 
Carbon and nitrogen chemical shifts 
  The calculations of carbon chemical shifts are not the focus 
of this paper, therefore, they will be discussed only briefly 
here. Experimental carbon chemical shifts, the calculated 
shieldings and shielding corrections are shown in Table 4 and 
the parameters of the linear shielding-shift correlations are 
shown in Table 5. The carbon shieldings calculated for the 
geometry optimised structures without any correction 
correlate reasonably well with the experimental chemical 
shifts, the MAE is 1.09 ppm and maximal error is 3.21 ppm, 
which are typical values that can be expected for molecular 
solids.[10f] Surprisingly, the best improvement of the calculated 
shieldings is obtained when the very simple and fast PBE0 
correction is employed (ΔδPBE0 values ranging from –1.4 to 
7.6 ppm); the maximal error drops to 1.86 ppm. These 
calculations thus confirm the previous finding that these 
corrections calculated with a hybrid density functional improve 
the accuracy of carbon shieldings significantly.[10f] The SO 
corrections are less significant; the largest correction of 2.5 
ppm is found for the L-cysteine carbon atom directly attached 
to the sulphur atom, the correction is close to 1.7 ppm for all 
COO carbons and close to 1 ppm or smaller for all other 
atoms. Although the magnitude of the SO correction is 
generally larger for carbon atoms than for hydrogen atoms, 
the significantly larger range of carbon spectra makes the 
effect of the SO correction proportionally much smaller. 
Therefore, the SO correction can probably be safely omitted 
in most carbon NMR calculations of organic compounds 
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Table 4. Experimental 13C chemical shifts, calculated CASTEP shieldings 
and calculated shielding corrections (ppm). The uncertainty of the 
experimental chemical shifts was estimated to be ±0.02 ppm. The standard 
errors of the PIMD corrections estimated as SD/sqrt(Z) are given in 
parentheses. 
    Corrections[a] 
 Carbon δExp σOpt ΔσPBE0 ΔσCCSD ΔσSO ΔσPIMD 
L-alanine COO 177.71 –9.12 –0.95 7.70 1.68 –1.39 (0.33) 
 C-α 50.92 121.27 2.78 10.69 0.24 –5.92 (0.13) 
 C-β 20.36 154.11 5.08 13.08 0.87 –5.88 (0.36) 
α-glycine COO 176.25 –7.26 –1.13 7.58 1.71 –2.54 (0.22) 
 C-α 43.58 129.82 1.00 7.24 0.15 –5.75 (0.04) 
L-aspartic  COO 175.91 –7.20 –0.80 7.75 1.70 –3.25 (0.06) 
     acid C-α 53.78 117.15 3.31 11.44 0.27 –4.63 (0.41) 
 C-β 37.77 135.49 5.44 14.33 0.59 –6.07 (0.44) 
 COOH 174.66 –6.87 –1.10 10.74 1.74 –2.50 (0.33) 
L-threonine COO 172.06 –2.11 –1.38 7.24 1.67 –2.92 (0.22) 
 C-α 61.25 110.59 3.40 11.49 0.28 –6.55 (0.33) 
 C-β 66.93 101.19 7.11 18.35 1.24 –6.48 (0.37) 
 C-γ 20.48 154.54 4.75 12.42 0.80 –6.70 (0.28) 
L-cysteine COO 173.37 –3.77 –1.12 7.50 1.66 –3.12 (0.32) 
 C-α 56.01 115.34 2.51 10.12 0.45 –5.74 (0.22) 
 C-β 28.09 142.31 6.89 18.02 2.52 –6.34 (0.13) 
L-serine COO 175.05 –5.67 –1.05 7.66 1.66 –1.86 (0.19) 
 C-α 55.69 116.16 2.22 9.76 0.39 –4.99 (0.13) 
 C-β 62.86 105.52 7.58 18.63 1.14 –5.00 (0.33) 
[a] The S–H∙∙∙S and S–H∙∙∙O forms of L-cysteine were taken to be in 
0.68:0.32 ratio. 
Table 5. The parameters of the correlation between experimental 13C shifts 
and shieldings calculated for geometry-optimised structures and with the 
isolated-molecule and PIMD corrections. All values except for the slope are 
in ppm. 
Correction Slope Intercept MAE MaxE[a] RMSD 
– –1.02 173.05 1.09 3.21 (Tβ) 1.24 
δPBE0 –1.07 179.23 0.87 1.86 (Gα) 0.93 
δSO –1.02 173.52 1.00 2.91 (Tβ) 1.16 
δCCSD –1.06 187.62 1.49 4.07 (Gα) 1.61 
δPIMD –1.00 166.04 1.28 4.48 (Tβ) 1.43 
δPBE0 + δSO + δPIMD –1.03 172.70 1.26 2.44 (Aβ) 1.23 
δCCSD + δSO + δPIMD –1.09 181.10 1.91 4.64 (Gα) 1.96 
[a] The carbon atom with maximal error in parenthesis – C-β in L-threonine 
(Tβ), C-α in glycine (Gα) or C-β in L-alanine (Aβ). 
  The PIMD corrections are always negative and depend (in 
agreement with a previous report[9a]) on the number of 
hydrogen atoms attached to the carbon atom. The 
magnitudes of the PIMD correction for quaternary carbons 
are smaller (1.4–3.3 ppm) than for protonated carbon atoms 
(4.6–6.7 ppm). The fact that the signals of quaternary carbons 
appear at higher chemical shifts in the 13C NMR spectra than 
the signals of protonated carbons leads to a change of the 
slope of the shielding-shift correlation, which has then the 
ideal value of –1. On the other hand, the inclusion of the 
PIMD corrections leads to a larger maximal error of 4.5 ppm 
found for C-β of L-threonine. This larger error may be partially 
caused by insufficient convergence of the PIMD correction.  
  Nitrogen chemical shifts of the studied compounds were not 
determined experimentally. Therefore, only the calculated 
shieldings and shielding corrections are shown in the SI. 
Conclusion 
Proton chemical shifts of six solid amino acids were 
determined using ultra-fast MAS experiments. The selected 
amino acids have hydrogen atoms in various bonding 
environments (CH, CH2, CH3, OH, SH and NH3) to cover the 
most common bonding situations of protons in organic 
molecules. 
  The standard DFT method (GIPAW) commonly used for the 
calculations of NMR parameters of solids is shown to provide 
chemical shifts with deviations from experiment of up to 1.5 
ppm. The largest error was observed for the chemical shift of 
the SH hydrogen in L-cysteine but the errors were large for 
several other protons as well. 
  Corrections to the GIPAW shieldings were calculated for 
isolated molecules extracted from the geometry-optimised 
crystal structures. These corrections included a hybrid DFT 
functional (PBE0), MP2- and CCSD-level calculations and 
relativistic calculations of spin-orbit coupling. The SO 
contribution was shown to be very important for hydrogen 
atoms attached to sulphur. Furthermore, the molecular-
dynamics effects and nuclear quantum effects were 
investigated by PIMD simulations. The corrections obtained 
from these simulations are similar for all hydrogen atoms 
attached to a carbon but differ significantly for OH and SH 
protons involved in intermolecular hydrogen bonding. 
  The inclusion of the CCSD, SO and PIMD corrections in the 
NMR chemical shift calculations provides the best agreement 
with experiment with the RMSD being ca one half of that 
obtained without any correction. The remaining errors might 
be ascribed to the GIPAW methodology itself, which was 
used as the starting point in all calculations, inaccuracies of 
the DFT, the geometry optimisation protocol and the method 
for the calculation of corrections for isolated molecules, which 
neglects many-body effects. 
  In contrast, the best agreement of carbon chemical shifts 
with experiment is obtained when the molecular correction 
calculated with the hybrid PBE0 functional is included in the 
calculations. This correction can be obtained very fast and 
with minimal computational cost. This improvement of 13C 
GIPAW data can probably be ascribed to a fortunate 
cancellation of errors discussed above. 
  In summary, this study shows the importance of different 
sources of errors in calculations of proton, carbon and 
nitrogen chemical shifts of organic molecular crystals. While 
hydrogen atoms are very sensitive to nuclear quantum effects 
captured by PIMD simulations and inclusion of SO-HALA 
effect is crucial for hydrogen atoms attached to heavier 
elements, very accurate carbon chemical shifts can be 
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  Crystalline samples of the studied amino acids were purchased from 
Sigma-Aldrich. A crystalline sample of isotopically labelled L-serine-
1,2,3-13C3-1,2,2-2H3 with the degree of deuteration of ca 97% was 
obtained from Cambridge Isotope Laboratories, Inc. The sample was 
further recrystallized from a mixture of D2O and CH3CH2OD to obtain 
a sample with the 2H isotope also in the NH3 and OH groups. 
Experiments 
  High-resolution 1H and 13C solid-state NMR spectra were obtained 
using a JEOL ECZ600R spectrometer operating at 43.4 MHz for 14N, 
150.9 MHz for 13C and 600.2 MHz for 1H. Samples were packed into 1 
and 3.2 mm magic angle spinning rotors (MAS) and measurements 
taken at MAS rates of 70 and 18 kHz, respectively. 13C spectra were 
measured using cross polarization (CP). The chemical shifts were 
referenced to the signal of sodium trimethylsilylpropanesulfonate 
(DSS), which was used as an internal standard (δ(1H) = δ(13C) = 0). 
The ramped amplitude shape pulse was used during the cross-
polarization. The contact time for CP was 5 ms and the relaxation 
delays were estimated from 1H saturation recovery experiments and 
ranged from 1.5 s for glycine to 50 s for L-aspartic acid. Proton-
detected 1H–14N heteronuclear dipolar recoupling experiments (D-
HMQC) were measured at MAS rates of 70 kHz with the   
recoupling sequence.[23]  These experiments were performed as one-
dimensional (i.e. 14N-filtered proton spectra) with the recoupling time 
of 0.09 ms.[11] The assignment of the signals was done with the help 
of a 2D inverse HETCOR experiment or 2D CP-INEPT experiment 
showing C–H correlations via dipolar coupling or J-coupling, 
respectively. These 2D experiments were taken at MAS rates of 70 
kHz and the spectra are shown in the SI. In cases of well-separated 
signals, proton chemical shifts were obtained by fitting the 1D 1H 
signals to a Lorentzian line shape in MestReNova, Version 12.0.1 
(Mestrelab Research S.L.). The chemical shifts of overlapping signals 
in 1H spectra were obtained from the 2D CP-INEPT spectra. The 
chemical shifts are reported with two decimal places and the 
uncertainty is estimated to be ±0.02 ppm. 
Structures 
  Structures of α-glycine, L-threonine, L-aspartic acid, L-cysteine and L-
serine determined by X-ray diffraction (XRD) and of L-alanine 
determined by neutron diffraction (CSD refcodes GLYCIN29, 
LTHREO01, LASPRT, LCYSTN21, LSERIN01 and LALNIN12) were 
obtained from the Cambridge Crystallographic Database.[24] All 
selected crystal structures were determined at room temperature to 
better match the lattice cell parameters of the crystalline material used 
for SS-NMR experiments. 
NMR shieldings in infinite crystals 
  The NMR shieldings of the studied structures were calculated by the 
CASTEP program,[25] version 17.2, which is a DFT-based code that 
uses pseudopotentials to model the effects of core electrons, and 
plane waves to describe the valence electrons. Positions of all atoms 
were optimized prior to the NMR calculation, with fixed unit cell 
parameters. The geometry optimization is particularly important for 
XRD structures obtained at r.t. (as those in this study) because 
molecular dynamics including vibrational and librational motion leads 
to apparent shrinking of bond distances.[26] No dispersion correction 
was used as our previous study indicated that these corrections have 
a negligible effect on calculations of chemical shifts for structures with 
fixed lattice parameters.[10f, 27] On the other hand, another work has 
shown that optimising the parameters of dispersion correction can 
significantly improve predictions of NMR parameters.[28] Electron-
correlation effects were modeled using the generalized gradient 
approximation of Perdew, Burke, and Ernzerhof (PBE).[29] A plane 
wave basis set energy cutoff of 600 eV, default ‘on-the-fly generation’ 
pseudopotentials, and a minimum k-point spacing of 0.05 Å-1 over the 
Brillouin zone via a Monkhorst-Pack grid[30] was used. The NMR 
calculations were performed using the GIPAW approach.[3a, 31]  
PIMD simulations 
  The PIMD simulations were also performed in CASTEP using an 
NVT ensemble, temperature of 300 K, Langevin thermostat, 0.5 fs 
integration time step, ultrasoft pseudopotentials,[32] and planewave 
cutoff energy of 300 eV. Integrals were taken over the Brillouin zone 
using a Monkhorst-Pack[30] grid of minimum k-point sampling of 0.1 Å–
1. Electron-correlation effects were modeled using the PBE functional. 
The atomic positions were optimized by energy minimization prior to 
the MD runs at the same computational level. The lattice parameters 
were fixed to the experimental values. No symmetry constraints were 
applied during the runs, as these are only relevant to the time-
averaged structure. Simulations 10 ps long were performed for every 
compound. The path integral propagation used a Trotter 
decomposition of all nuclei into 16 beads, which has been shown to 
be sufficient for simulations of molecular crystals at 300 K.[9b] The 
PIMD simulations took 2–8 days on a computational cluster with 16 
cores. 
PIMD corrections 
  Time-averaged NMR parameters were computed from 91 snapshots 
from the PIMD simulations selected at 1.0, 1.1, 1.2 … 10.0 ps. The 
unit cells of α-glycine, L-alanine, L-threonine, L-cysteine and L-serine 
contain four crystallographically equivalent molecules (Z = 4), while 
the unit cell of L-aspartic acid contains two crystallographically 
equivalent molecules (Z = 2); therefore, 364 or 182 values were 
averaged for every chemically equivalent site. Since the snapshot 
values in an individual time series are expected to be significantly 
correlated, the standard error on the averaged values is estimated as 
SD/sqrt(Z) where SD is the standard deviation of the values. The 
PIMD-induced change of isotropic shielding was then calculated as 
the difference between the averaged NMR parameters and those 
calculated for the structure optimised at the same computational level 
used for the PIMD simulations. The NMR calculations took ca 1 day 
on 160 cores for every amino acid. 
Isolated-molecule corrections 
  DFT NMR shieldings for the isolated molecules (in vacuum) were 
calculated by the Gaussian16 program.[33] The gas-phase molecule 
input geometries were taken from the periodic DFT geometry-
optimized structures and were not further optimized. PBE and PBE0 
functionals together with the 6-311+G(2d,p) basis set were used for 
the calculations. The PBE0 correction was obtained as the difference 
between the PBE0 and PBE chemical shieldings.  
  The calculated corrections using Møller–Plesset perturbation theory 
to the second order (MP2)[34] with the 6-311+G(2d,p), aug-ccPVDZ 
and aug-ccPVTZ basis sets were also calculated in Gaussian16. 
  NMR shieldings at the coupled cluster singles and doubles 
(CCSD)[35] level and 6-311+g(2d,p) basis set were calculated with the 
CFOUR program package, which is suitable for performing high-level 
quantum chemical calculations on atoms and molecules.[36] 
  Spin-orbit (SO) corrections to NMR chemical shifts were obtained as 
a difference between scalar relativistic and two-component relativistic 
(spin-orbit ZORA)[37] shielding calculated at PBE0/TZP level in ADF 
2018[38] software package. Contributions of exchange-correlation 
kernel to SO contribution to NMR shielding were also included.[39] 
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The factors contributing to the accuracy of quantum-chemical 
calculations of proton NMR chemical shifts in molecular solids 
are systematically investigated. The effects of the 
computational level (hybrid DFT functional, coupled-cluster 
calculation, inclusion of relativistic spin-orbit coupling) and 
nuclear quantum effects are thoroughly discussed and a 
method for accurate chemical-shift prediction is proposed.  
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